Increasing evidence has shown the aberrant expression of inflammasome-related proteins in Alzheimer's disease (AD) brain; these proteins, including NLRP1 inflammasome, are implicated in the execution of inflammatory response and pyroptotic death. Although current data are associated NLRP1 genetic variants with AD, the involvement of NLRP1 inflammasome in AD pathogenesis is still unknown. Using APPswe/PS1dE9 transgenic mice, we found that cerebral NLRP1 levels were upregulated. Our in vitro studies further showed that increased NLRP1-mediated caspase-1-dependent 'pyroptosis' in cultured cortical neurons in response to amyloid-b. Moreover, we employed direct in vivo infusion of non-viral small-interfering RNA to knockdown NLRP1 or caspase-1 in APPswe/PS1dE9 brain, and discovered that these NLRP1 or caspase-1 deficiency mice resulted in significantly reduced neuronal pyroptosis and reversed cognitive impairments. Taken together, our findings indicate an important role for NLRP1/caspase-1 signaling in AD progression, and point to the modulation of NLRP1 inflammasome as a promising strategy for AD therapy.
Alzheimer's disease (AD), the most common cause of dementia, is characterized clinically by a progressive and irreversible loss of cognitive functions and pathologically by the loss of synapses and neuronal death, as well as the presence of extracellular deposits of amyloid-b (Ab) peptides in senile plaques. 1 The main factors responsible for Ab accumulation are disease-causing inherited variants of amyloid precursor protein (APP), presenilin 1 and 2 (PS1, PS2), or apolipoprotein E (ApoE) genes, and increased extracellular Ab levels that cause neuronal death via a number of possible mechanisms including oxidative stress, excitotoxicity, energy depletion, inflammation, and apoptosis. 2, 3 However, the detailed mechanisms that underlie the pathogenic nature of Ab-induced neuronal degeneration in AD are not completely understood.
Recently, a novel inflammasome signaling pathway has been uncovered and the aberrant expression of inflammasome-related proteins have been found in AD brain and transgenic mouse models of AD. [4] [5] [6] Meanwhile, increasing evidence has supported that Ab and misfolded protein aggregates can activate the inflammasome, 7, 8 which serves as a caspase-1-activation platform for subsequent pro-inflammatory cytokine secretion and pyroptotic cell death. 9, 10 In contrast to apoptosis, pyroptosis is caspase-1-mediated inflammatory cell death characterized by early plasma membrane rupture and release of pro-inflammatory intracellular contents. 11, 12 Besides the neuronal loss as a prominent cause of cognitive deficits in AD, current studies have pointed out that inflammatory mechanisms are also powerful pathogenic forces in the process of neurodegeneration. [13] [14] [15] The NLRP1 (NOD-like receptor (NLR) family, pyrin domain containing 1; previously known as NALP1) inflammasome was the first member of the NLR family to be discovered. As a critical component of the inflammasome, NLRP1 appears to be expressed rather ubiquitously, and high NLRP1 levels were also found in the brain, in particular in pyramidal neurons and oligodendrocytes. 16 It has been reported that active NLRP1 can generate a functional caspase-1-containing inflammasome in vivo to drive the inflammatory response and pyroptotic death. 17 Moreover, inhibition of the NLRP1 inflammasome could reduce the innate immune response and ameliorate age-related cognitive deficits in different animal models. [18] [19] [20] Although current data regarding NLRP1 functions are far scarcer than those described for other inflammasomes, various immune inflammation diseases have been associated with mutations and polymorphisms in the NLRP1 gene. This genetic association has also been validated independently in AD patients, 21 thus indicating a potential role for the NLRP1 inflammasome in AD pathogenesis.
In this study, we first investigated whether NLRP1 expression is altered in the brains of APPswe/PS1dE9 double transgenic mice, and found an upregulated NLRP1 expression in the neurons of the brain. Meanwhile, our in vitro study showed that Ab could increase NLRP1 levels in primary cortical neurons; this increase, in turn, activates caspase-1 signaling responsible for neuronal pyroptosis and inflammation-induced cytokine release, suggesting that NLRP1/caspase-1 signaling is one of the key pathways responsible for Ab neurotoxicity. Using the pump-mediated in vivo infusion of non-viral small-interfering RNA (siRNA) to knockdown NLRP1 or caspase-1 in the brain of APP/PS1 mice, our study further indicated that inhibition of NLRP1 inflammasome represents a promising strategy for the development of AD therapy.
Results
NLRP1 was upregulated in the brains of APPswe/ PS1dE9 mice. We first investigated whether NLRP1 expression is altered in the brains of APP/PS1 mice overexpressing the Swedish mutation of APP together with PS1 deleted in exon 9. Total proteins were extracted from the cortical and hippocampal regions of 3-, 6-, and 9-month-old APP/PS1 and age-matched wild-type mice, and subjected them to western blot analysis. Compared with age-matched wild-type mice, we found that 6-month APP/PS1 mice had displayed significantly upregulated NLRP1 levels, while the levels of NeuN were slightly reduced; these shifts were more obvious in 9-month APP/PS1 mice (Figures 1a and b ). Using double immunofluorescence staining to colocalize NLRP1 with neuronal marker NeuN, our result further demonstrated the increased neuronal expression of NLRP1 in the NeuNpositive neurons of APP/PS1 mice brain ( Figure 1c ). Ab 1-42 increased NLRP1 expression levels in cultured cortical neurons. In APPswe/PS1dE9 brains, the accumulation of Ab occurs at an early stage, and amyloid deposition is visible by 6 months of age. 22 Therefore, we hypothesized that an increase in NLRP1 expression level in the brains of 6-and 9-month-old APP/PS1 mice is due to an increase in Ab level. To test this hypothesis, we determined by western blot analysis the NLRP1 levels in cultured rat cortical neurons treated with 5 mM Ab 1-42 for 24 h. Given that the oligomeric forms of Ab are reportedly one of the primary neurotoxic Ab species, 23 we prepared the toxic oligomers and confirmed their species (Supplementary Figure S1a) as described before. 24 Our study showed that NLRP1 expression was markedly increased by Ab 1-42 in the primary cultured neurons (Supplementary Figure S1b ). Next, we further measured the NLRP1 mRNA levels in these cells treated with Ab 1-42 at an indicated dose by real-time PCR analysis. As shown in Supplementary Figure S1c, treatment with Ab 1-42 significantly increased NLRP1 mRNA levels in a dose-dependent manner.
NLRP1-mediated Ab-induced neurotoxicity via pyroptosis in cultured cortical neurons. Ab causes neuronal damage via a number of possible pathways. We examined whether increased NLRP1 was involved in the process of Ab neurotoxicity. For this purpose, we first decreased the NLRP1 levels in primary cortical neurons by NLRP1 siRNA transfection. Forty-eight hours after transfection, the cells Figure 1 Increased expression of NLRP1 in the neurons of APPswe/PS1dE9 mice brain. (a) Cerebral NLRP1 and NeuN levels from different aged APP/PS1 and wild-type (WT) mice were detected by western blot analysis. b-actin was used as a loading control. (b) Levels of NLRP1, NeuN, and NLRP1/NeuN were quantified by densitometric measurement. Values are the mean ± S.E.M. *Po0.05 versus 3-month-old APP/PS1 mice, # Po0.05 versus 6-month-old APP/PS1 mice. (c) Double immunofluorescent detection of NLRP1 in the NeuN-positive neurons of APP/PS1 mice. Tissue samples from 6-month-old APP/PS1 and WT mice were immunostained using anti-NLRP1 and anti-NeuN antibodies and examined under a fluorescence microscope. Scale bars: 20 mm. n ¼ 6 male mice per age group were incubated in different doses of Ab 1-42 for 24 h. The NLRP1 level was determined by western blot analysis. As shown in Figure 2a and Supplementary Figure S2 , the transfection of NLPR1 siRNA efficiently decreased the NLRP1 levels in cultured cortical neurons. In the presence of 5 mM Ab 1-42 , siRNA-induced knockdown of NLRP1 level was very significant (by 55%). Next, we determined the effects of NLRP1 knockdown on Ab 1-42 -induced neurotoxicity. Cell viability was then assessed by MTT assay. As shown in Figure 2b , the percentage of surviving neurons was significantly increased in NLRP1 siRNA-transfeced cells compared with the control siRNA-transfected cells after the treatment with Ab 1-42 , indicating that NLRP1 at least one component for Ab-induced neuronal death. Incidentally, the NLRP1 levels and cell viability between control siRNA-treated and No siRNA-treated cells do not differ (Figures 2a and b) , excluding an effect of siRNA transfection on neuron viability.
To further investigate the possible mechanism involved in the neuron death with increased NLRP1 levels, we analyzed DNA breaks by TUNEL assay and caspase-1 activity by immunoblotting in NLRP1 siRNA-and control siRNA-transfected cells after Ab 1-42 treatment. Our data showed in the cultured cortical neurons that the treatment of NLRP1 siRNA resulted in a significant decrease in the number of TUNELpositive cells (Figures 2c and d) , and downregulation in active caspase-1 level (Figures 2e and f) in the presence of Ab 1-42 . We further analyzed Ab neurotoxicity by measuring secretion of the pro-inflammatory cytokine IL-1b and lactate dehydrogenase (LDH) release in the culture media of NLRP1 siRNAand control siRNA-transfected cells. We found that knockdown of NLRP1 also markedly reduced IL-1b secretion and LDH release to the culture supernatant of the Ab-treated neurons (Figures 2e, g, and h). Moreover, inflammasomes require the adapter protein apoptosis associated speck-like protein containing a CARD (ASC) for the activation of caspase-1; we therefore analyzed inflammasome activation by ASC speck visualization in the presence of Ab (Figure 2i ). Since this form of cell death is associated with caspase-1 activation in response to ASC adapter protein oligomerization, plasma membrane permeabilization, and secretion of inflammatory cytokine IL-1b, we refer to it as pyroptosis. 11, 12 All these findings indicated that NLRP1 silencing may protect against Ab neurotoxicity through caspase-1-dependent pyroptosis mechanism in cultured neurons.
NLRP1 silencing attenuated neuron pyroptosis in APPswe/PS1dE9 mice. Next, we investigate the effects of NLRP1 silencing on neuron pyroptosis in APPswe/PS1dE9 transgenic mice, a classical model of AD. Toward this end, we knocked down brain NLRP1 expression at an early stage in 5-month-old mice by using in vivo non-viral RNA interference methodology, which has emerged as a powerful tool to produce a widespread downregulation of target gene in the brain. [25] [26] [27] Until the end of the experiment (6.5 months of age), a time when cerebral amyloid plaques and early cognitive deficits can be observed, 22 the approach of siRNA infusion produced a significant downregulation of NLRP1 mRNA and protein levels in mice brain ( Supplementary Figures S3a and b ). We first determined the effects of NLRP1 knockdown on neuronal survival by Nissl staining. As shown in Figures 3a and b, the NLRP1 siRNA-treated APPswe/PS1dE9 mice showed an increase in Nissl-positive cell densities in the cortex and the hippocampus, when compared with control siRNA-treated mice. To characterize the pyroptotic effects of NLRP1, the TUNEL staining assay was used. As shown in Figures 3c and d , the number of TUNEL-positive cells in the cortex and hippocampus of APP/PS1 mice was increased and this enhancement could be inhibited by NLRP1 siRNA treatment. We further examined the changes in caspase-1, which has been known to play a central role in the execution of pyroptosis. Western blot analysis was performed at 6.5 months after the APP/PS1 mice were treated to measure the caspase-1 expression ( Figure 3e ). The group of APP/PS1 mice showed a robust increase in the expression of caspase-1, while the NLRP1 siRNA treatment could reduce the active caspase-1 levels in these mice.
In addition to pyroptosis, the NLRP1 inflammasome is also responsible for caspase-1-dependent processing of the key pro-inflammatory cytokine IL-1b to an active secreted form. 28, 29 Previous studies have demonstrated that IL-1b is chronically upregulated in AD and believed to serve as a part of an inflammatory cycle that regulates AD pathology. [30] [31] [32] Therefore, we inspected the cerebral IL-1b levels by immunoblotting and amyloid deposition by immunohistochemical staining in brain slices. NLRP1 siRNA treatment did not show a significant change in the expression of active IL-1b ( Figure 3f ) or the numbers of amyloid plaques (Figures 3g and h) in the brain of APP/PS1 mice.
NLRP1 silencing rescued early cognitive impairment in APPswe/PS1dE9 mice. Because the progressive dysfunction and death of neurons provides a molecular and cellular basis for memory deficits and neuropathological features of dementia in AD, 33 we further investigated the role of NLRP1 in cognitive deficits in APPswe/PS1dE9 mice. Our study demonstrated that the APP/PS1 mice showed impaired spatial learning and memory compared with wild-type mice, as assessed by the Morris water maze (MWM) test. These mice were impaired in learning to use the available spatial cues to locate the submerged escape platform. In contrast, NLRP1 siRNA treatment significantly improved spatial learning as shown by a progressive decrease in time or distance to reach the hidden-platform across consecutive trials (Figures 4a and b ). Then, a probe trial was conducted to assess the spatial memory in these mice. APP/PS1 mice failed to spend significantly more time in the target quadrant (Q1) than in all other (a.o.) quadrants, while NLRP1 siRNA treatment has markedly increased time in the target quadrant ( Figure 4c ). There was no difference in swimming speed or path length among the groups (Figures 4d and e ), which enabled us to exclude the effect of motivational factors on mice cognitive performance. In addition, a visual cued testing was performed to discriminate for specific deficits of spatial learning, since-except for the spatial component-cued learning requires similar basic abilities, strategies, and escape motivation. All mice were able to swim directly to the visual platform, and no significant group differences in performance remained (Supplementary Figure S4 ). All these data suggest that NLRP1 silencing improves spatial cognitive abilities in APPswe/PS1dE9 mice.
Caspase-1 silencing alleviated pyroptosis and cognitive deficits in APPswe/PS1dE9 mice. Considering the central role of caspase-1 in the process of neuron pyroptosis and IL-1b secretion, we also knocked down brain caspase-1 in 5-month APP/PS1 mice by in vivo non-viral RNA interference methodology for 6 weeks ( Supplementary Figures S3c and  d) . We assessed spatial memory in age-matched mice using the MWM test including probe trial testing. As expected, control siRNA-treated APP/PS1 mice showed severe behavioral deficits in MWM test. However, caspase-1 siRNA treatment could largely improve spatial learning and memory by shortening the time/distance to platform and increasing the time of entrance into the target quadrant (Q1) in APP/PS1 mice (Figures 5a and b ; Supplementary Figures  S5-S7 ). Furthermore, the improved cognitive performance after caspase-1 silencing was accompanied by a marked reduction in TUNEL-positive cell densities and an increase in Nissl-positive cell densities in the cortex and hippocampus of APP/PS1 mice (Figures 5c and d; Supplementary Figure S8 ). These results are very similar to the changes in NLRP1 siRNA-treated APP/PS1 mice, supporting that NLRP1 acts through caspase-1 to exert the observed effects. In addition, the expression of active IL-1b showed a decrease in the caspase-1 siRNA-treated APP/PS1 brain (Figure 5e ). It was noticeable that caspase-1 is a common pathway by which inflammasomes contribute to downstream effects. NLRP3 inflammasome also can activate caspase-1 to induce IL-1b secretion. 4, 7 However, our results shown that NLRP3 silencing in APP/PS1 mice brain had no significant effect on TUNEL-positive cell densities in the cortex and hippocampus of APP/PS1 mice ( Supplementary Figures S9 and S10 ). These data further suggest that NLRP1 signaling pathway is essential for the pyroptotic cell death in AD pathogenesis.
Discussion
Recently, the NLRP1 inflammasome has been implicated as a required component in the mechanism underlying pyroptotic cell death. 17, 34 A previous study has reported that NLRP1 is highly expressed in the brain, in particular in pyramidal neurons and oligodendrocytes. 16 Moreover, the overexpression of NLRP1 induces neuronal death. 35 Because the neuronal dysfunction and death induced by Ab, a hallmark of AD that has been believed to play a critical role in the cognitive deficits that occurs in AD, 33 we hypothesized that NLRP1-dependent pyroptosis might be a mechanism in AD pathogenesis.
Our study investigated the effects of Ab-induced NLRP1 on neuronal pyroptosis in in vitro model and in APPswe/PS1dE9 mice. We found that the NLRP1 levels were upregulated in the brains of 6-and 9-month-old APP/PS1 mice compared with that in the brains of age-matched wild-type mice. In APPswe/ PS1dE9 mice, Ab accumulation occurs at an early stage; amyloid plaques are visible by 6 months of age, 22 and their content gradually increases with age. Therefore, we considered that the increase in NLRP1 levels was due to Ab accumulation, and we found that the treatment with Ab 1-42 significantly increased the NLRP1 mRNA and protein levels in cultured rat cortical neurons. This finding was consistent with the previous data, in which toxic Ab peptide may activate the NLRP1 inflammasome via potassium (K þ ) efflux. 36, 37 These studies have shown that Ab oligomers can interfere with many aspects of neuronal membrane functions and can evoke K þ efflux from neurons. 37, 38 A low K þ concentration is a potent activator for the NLRP1 inflammasome. 39 In rat cerebellar granule neurons, withdrawal of serum/K þ from medium could highly increase the expression of NLRP1. 40 In this study, we further examined the effect of NLRP1 on neuronal pyroptosis induced by Ab 1-42 in cultured cortical neurons, and found that the knockdown of NLRP1 by NLRP1 siRNA transfection significantly reduced the extent of cell death induced by Ab . In addition, the knockdown of NLRP1 attenuated the activation of caspase-1, the secretion of IL-1b and the release of LDH in the Ab-treated neurons. Since this form of cell death is associated with caspase-1 activation in response to ASC adapter protein oligomerization, plasma membrane permeabilization, and secretion of inflammatory cytokine IL-1b, we refer to this caspase-1-dependent inflammatory form of cell death as pyroptosis. 11 Pyroptosis, a cell death mechanism that is distinct from apoptosis or others. 12 Pyroptosis is triggered by caspase-1 after its activation by various inflammasomes and results in cellular lysis and early release of the cytosolic contents to the extracellular space, including cytosolic proteins such as LDH. This event is predicted to be inherently inflammatory and coincides with IL-1b secretion. Meanwhile, inflammasomes require the adapter protein ASC for the activation of caspase-1. 12 After inflammasome activation, ASC assembles into a large protein complex, which is termed as 'speck' or 'foci'. Hence, ASC speck formation can be used as a simple upstream readout for inflammasome activation; and this has been observed in the Ab-treated neurons. All these findings above suggested that NLRP1 silencing may protect against Ab neurotoxicity through caspase-1-dependent pyroptosis mechanism in cultured neuron.
Moreover, this pyroptotic effect of NLRP1 was further confirmed in APPswe/PS1dE9 transgenic mice. Mutations of the APP and PS1 genes have been regarded as one of the causes of familial forms of AD. 41 The APPswe/PS1dE9 mouse, which is associated with familial forms of AD, has been used as an animal model to study the pathogenesis of AD and to explore therapeutic strategies for this disease. These double transgenic mice develop Ab deposits in the cerebral cortex and the hippocampus much earlier than age-matched mice expressing the APP mutation alone. 42 In this study, we found that the APPswe/PS1dE9 mice displayed a significant increase in the number of TUNEL-positive cells and a decrease in Nissl-positive cell densities at 6.5 months of age. These results are consistent with previous findings, in which the early appearance of Ab deposition in the APP/PS1 mouse brain developed neuronal loss. 43 To examine the effect of upregulated NLRP1 levels at an early stage in APP/PS1 mice, we performed implantation of miniosmotic pumps for direct infusion of siRNA to knockdown brain NLRP1 expression, starting at 5 months old of age and lasting for 6 weeks until 6.5 months old of age. This RNA interference technology has emerged as a potentially superior alternative to the traditional approaches for assessing gene function in adult animals. 44 Interestingly, application of the nonviral infusion of siRNA into the ventricular system could achieve a widespread sequence-specific gene knockdown in the brain. 25 On the basis of the characteristics of rapid, inexpensive, and specific knockdown of target genes in the whole brain, therefore, this method would accelerate the functional investigation of broadly expressed target genes implicated in neurological disorders. Our study using this approach of pump-mediated siRNA infusion is efficient in downregulation of NLRP1 mRNA (by about 60%) and protein (by about 50%) levels in APP/PS1 brain. And the treatment with control siRNA did not alter cerebral NLRP1 mRNA and protein levels compared with No siRNA-treated APP/PS1 mice, excluding an effect of pump-mediated infusion on NLRP1 expression levels. Similarly, we also knocked down brain caspase-1 by this in vivo non-viral RNA interference methodology in 5-month APP/PS1 mice for 6 weeks.
Using the pump-mediated in vivo infusion of siRNA in APP/PS1 brain, our study demonstrated that NLRP1 siRNA treatment could significantly reduce TUNEL-positive cell densities and the active caspase-1 expression levels, accompanied by markedly improved spatial learning and memory in APP/PS1 mice. These results support a fundamental role for NLRP1-mediated pyroptosis in behavioral and cognitive dysfunction in AD pathogenesis. Meanwhile, we also knocked down caspase-1 in APP/PS1 brain, and similarly biochemical and behavioral improvements were found between caspase-1 siRNA and NLRP1 siRNA-treated APP/ PS1 mice, supporting that NLRP1 acts through caspase-1 to exert the observed effects of pyroptosis and cognitive impairment.
In addition to pyroptosis, NLRP1 inflammasome is responsible for caspase-1-dependent processing of the key proinflammatory cytokine IL-1b to an active secreted form. 28, 29 And inflammatory mechanisms are also pathogenetic forces in AD. Previous studies have demonstrated that IL-1b is chronically upregulated in AD and believed to serve as a part of inflammatory cycle that regulates AD pathology. [30] [31] [32] Although a downward trend of active IL-1b was observed after NLRP1 silencing in APPswe/PS1dE9 brain, this did not reach statistical significance in our current study. This hints to the possibility that NLRP1/caspase-1 signaling pathway is not the only source of IL-1b in the whole brain. While caspase-1 silencing could decrease active IL-1b expression in APP/PS1 brain.
Caspase-1, widely expressed in brain, is a critical pathway by which inflammasomes contribute to downstream effects. NLRP3 inflammasome also can activate caspase-1 to induce IL-1b secretion. 8 Ab activated NLRP3 inflammasome is mainly expressed in microglia, which in turn maybe essential for the secretion of pro-inflammatory cytokines and subsequent inflammatory events. Considering that Ab activated NLRP1 is mainly expressed in neurons, but not in microglial cells, 16 we have reason to infer that the NLRP1 signaling might be more essential for the pyroptotic cell death, a process closely associated with caspase-1 activation and inflammatory cytokine IL-1b secretion. And previous studies have demonstrated that inflammasomes expressed in neurons are involved in the maturation of IL-1b in the central nervous system. [45] [46] [47] Our findings may have clinical implications. Current treatments for AD only have moderate efficacy in improving cognition in patients and do not prevent progression of the disease. 48 Thus, one alternative strategy for achieving neuroprotection may be the inhibition of neuronal pyroptosis. In addition, because AD is a multifactorial disease with complicated pathogenesis, developing multiple targets for treatment might be a new therapeutic strategy. 49 Considering that inhibition of NLRP1 inflammasome had several beneficial effects on neuronal pyroptosis and inflammation response in AD process, modulation of NLRP1 inflammasome may be explored as a promising strategy for the development of AD therapy.
In conclusion, the present study demonstrates that cerebral expression of NLRP1 was upregulated in APP/PS1 mice. The increase in NLRP1 levels in neurons was induced by Ab, which in turn activated caspase-1 signaling responsible for neuronal pyroptosis and inflammation cytokine release ( Figure 6 ). Using the pump-mediated in vivo infusion of nonviral siRNA to knockdown NLRP1 or caspase-1 in the brain of APP/PS1 mice, our study indicated that inhibition of NLRP1 inflammasome represents a promising strategy for the treatment of AD. In view of the differences that are known to exist between human NLRP1 and its murine orthologs, 50 future studies targeting the specific form in mice and application of the findings from animal model to human trials are required to determine the validity of all the hypotheses.
Materials and Methods
Mice. Male APPswe/PS1dE9 double transgenic mice (B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/Mmjax) and their age-and background-matched wild-type (WT) mice were purchased from the Model Animal Research Center of Nanjing University. All mouse strains were housed and bred in pathogen-free conditions. The experimental protocol was approved by the Nanjing Medical University Experimental Animal Care and Use Committee. All efforts were made to minimize the number of animals used and their sufferings.
Cell cultures and siRNA transfection. Primary cortical neurons were prepared from Sprague-Dawley rats. Briefly, cerebral cortices from 10 to 12 fetal rats were dissected out, minced, and incubated in 0.25% Trypsin-EDTA (Life Technologies, Carlsbad, CA, USA) at 37 1C for 10 min. The fragments were then dissociated into single cells by pipetting. The dissociated cells were suspended in Neurobasal medium supplemented with 2% B27 (Invitrogen, Carlsbad, CA, USA) and plated onto poly-D-lysine coated 60 mm dishes at a density of 1 Â 10 6 /ml. These cells were used on day 4 of plating for further experiments. For siRNA transfection, control siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and NLRP1 siRNA (Santa Cruz Biotechnology) were transfected into target cells by using Lipofectamine RNAiMAX Reagent (Invitrogen) according to the manufacturer's protocol. The knockdown efficiency was determined at 48 h after transfection by western blotting.
Ab preparation. The dried synthetic Ab 1-42 peptide (Sigma-Aldrich, St. Louis, MO, USA) was first dissolved in dimethylsulfoxide (DMSO), and then diluted in phosphate buffer solution (PBS) to obtain a 250-mM stock solution. This solution was incubated at 41C for at least 24 h and stored at À 801C until use. Before use, the solution was centrifuged at 12 000 Â g for 10 min and the supernatant was used as an oligomeric Ab. The Ab preparation was evaluated by neurotoxicity and western blotting analysis, and then diluted to a working concentration for further experiments. Reverse sequence peptide Ab 42-1 prepared in the same way was used as controls.
Cell viability and cytotoxicity assays. Cell viability was determined using a commercial MTT-based cytotoxicology test kit (Sigma-Aldrich), which detects viable cells colorimetrically based on the detection of the purple formazan compound produced by viable cells. Cells were initially seeded in 96-well plates for 24 h. Forty-eight hours after siRNA transfection, the cells were then incubated in the presence or absence of 5 mM Ab 1-42 for 24 h as described above. After removing the supernatant of each well and washing twice by PBS, 20 ml of MTT solution (5 mg/ml in PBS) was added and the culture was further incubated for 4 h. Then, the culture medium was replaced with 100 ml of MTT solubilization solution. The absorbance at 570 nm was measured using a microplate reader (Bio-Rad, Hercules, CA, USA). All treated samples and controls were tested in triplicate.
Cytotoxicity was determined by measuring the release of LDH using the CytoTox One Homogeneous Membrane Integrity Assay (Promega, Madison, WI, USA). The percentage of LDH release was normalized to the condition with the least amount of cell death and divided by a maximum lysis control. Figure 6 Schematic model linking the NLRP1 inflammasome activation to AD pathogenesis. High NLRP1 levels were found in pyramidal neurons of the brain. The toxic Ab peptide can set fire to neuronal NLRP1 inflammasome via potassium efflux. Then, the activation of NLRP1 inflammasome leads to the caspase-1-mediated pyroptosis and secretion of IL-1b, which ultimately induces AD pathology through several downstream effects in brain. Our current study mainly indicated that the caspase-1-induced neuronal pyroptosis provides a molecular basis for cognitive deficits in AD process ELISA. Cell culture supernatants were collected and centrifuged at 10 000 Â g, 41C for 5 min to remove cell debris. Levels of secreted IL-1b in cell culture supernatants were measured using commercially available ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Immunofluorescence staining. Cells were initially seeded in 96-well plates for 24 h, and then incubated in the presence or absence of 5 mM Ab 1-42 for 24 h as described above. After removing the supernatant of each well and washing twice by PBS, cells were fixed, permeabilized with 0.1% Triton X-100, and labeled with DAPI (4 0 ,6-diamidino-2-phenylindole) and anti-ASC antibodies (Calbiochem, La Jolla, CA, USA). Images were taken with the Leica confocal microscope (Leica Microsystems, Wetzlar, Germany). siRNA administration in mice brain. The NLRP1 siRNA, caspase-1 siRNA, NLRP3 siRNA, and control siRNA were purchased from Santa Cruz Biotechnology, Inc. Entranster-in vivo transfection reagent was purchased from Engreen Biosystem Co, Ltd (Beijing, China). The Entranster-in vivo-siRNA mixture was prepared in the light of the manufacturer's instructions as previously described. 51, 52 Briefly, 12.5 mg siRNA was dissolved in 25 ml RNase-free water. Next, 25 ml siRNA solution was mixed with 25 ml Entranster-in vivo transfection reagent and 50 ml artificial cerebrospinal fluid (aCSF, composition in mmol/l: NaCl 130, KCl 2.99, CaCl 2 0.98, MgCl 2 6H 2 O 0.80, NaHCO 3 25, N a2 HPO 4 12H 2 O 0.039, NaH 2 PO 4 2H 2 O 0.46) to get a 100-ml in vivo transfection mixture. This dose of NLRP1 siRNA, caspase-1 siRNA or NLRP3 siRNA infusion was well tolerated, and no signs of neurotoxicity including hind-limb paralysis, vocalization, food intake, or neuroanatomical damage were observed in preliminary study.
We performed implantation of miniosmotic pumps (ALZET) for in vivo delivery. After 4 weeks of treatment, we exchanged the old pump reservoir with a new one that was reconnected to the tubing without altering the brain infusion cannula. Briefly, mice were anesthetized with 10% chloral hydrate (0.3 ml/100 g, i.p.) and placed in a stereotactic frame (David Kopf Instrument Inc., Tujunga, CA, USA). A brain-infusion cannula (Brain Infusion Kit 3; ALZET, Cupertino, CA, USA) coupled via vinyl tubing to the osmotic pump was implanted into the dorsal third ventricle (0.5 mm posterior to bregma, 3 mm below the surface of the cranium). The siRNA transfection complex (containing NLRP1, caspase-1 or NLRP3 siRNA, control siRNA, and No siRNA (aCSF only)) was continuously infused into the ventricular system at a flow rate of 0.11 ml/h for 6 weeks by the osmotic pumps. Incidentally, the behavioral and biochemical data between control siRNAtreated and No siRNA-treated mice do not differ.
MWM test. The MWM was conducted during last 6 days of treatment period. It was performed in a circular pool with a diameter of 120 cm filled with opaque water at temperature of 22±11C, as described previously. 53 In the hidden-platform training, a circular platform (10 cm in diameter) in south-east quadrant was submerged 0.5 cm below the surface of water. Mice were allowed to search for the platform for 60 s; if a mouse failed to find the platform within 60 s, it was picked up and placed on the platform for 15 s. All mice were given four training trials per day for 5 consecutive days. Twenty-four hours after the hidden-platform trial, mice were subjected to a probe trial in which the platform was removed, and their swimming paths were recorded for 60 s. Then, a visual cued testing was performed with the platform being flagged and blank curtains are closed around the pool to avoid access to distal visual cues. To ensure that mice are using the visual cue to locate the platform, both the location of the goal and the starting point are moved to new positions during each trial. All mice behavior (time/distance for reaching the platform, swimming speed, path length, and time spent in each quadrant) was monitored by a video camera and analyzed by a computercontrolled system (Beijing Sunny Instruments Inc., Beijing, China).
Brain tissue preparation. After the treatment with siRNA in the brain using a miniosmotic pump, behavioral testing was conducted, and then, mice were killed for the following biochemical assays. After perfusion, the brains were rapidly isolated and placed on an ice-cooled cutting board; hippocampus and cortex were removed from one hemisphere and snap-frozen until subject to RNA or protein extraction. For the immunohistochemistry assay, the other hemisphere was placed in 4% paraformaldehyde in PBS (pH 7.4) overnight.
Real-time PCR. Total RNA was extracted from the cells and brain tissue using the Trizol reagent (Invitrogen) according to the manufacturer's protocol. Samples (1 mg of RNA) were reverse-transcribed into cDNA using the Prime-Script one step RT reagent Kit (TaKaRa, Madison, WI, USA). Synthesized cDNA was used in realtime PCR experiments using the SYBR Premix Ex Taq (TaKaRa), and then analyzed with CFX96 Real-Time PCR detection system (Bio-Rad). All reactions were run in duplicates and the mean values are used. The relative expression of each mRNA was calculated using the comparative 2 À DDCt method and was normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers were purchased from Invitrogen as follows (name: forward primer, reverse primer): rat nlrp1: 5 0 -gccctggagacaaagaatcc-3 0 , 5 0 -agtgggcatcgtcatgtgt-3 0 ; rat caspase-1: 5 0 -aaggtcctgagggcaaagag-3 0 , 5 0 -gtgttgcagataatgagggc-3 0 ; rat gapdh: 5 0 -cagtgccagcctcgtctcat-3 0 , 5 0 -aggggccatccacagtcttc-3 0 ; mouse nlrp1: 5 0 -tggcacatcctagggaaatc-3 0 , 5 0 -tcctcacgtgacagcagaac-3 0 ; mouse caspase-1: 5 0 -tc cgcggttgaatccttttcaga-3 0 , 5 0 -accacaattgctgtgtgtgcgca-3; mouse gapdh: 5 0 -caacag caactcccactcttc-3 0 , 5 0 -ggtccagggtttcttactcctt-3 0 .
Western blotting. For western blotting, cells as well as brain tissues were lysed in extraction buffer (Beyotime Inc., Shanghai, China) containing complete protease inhibitor cocktail (Roche, Indianapolis, IN, USA). The protein concentrations were determined using the BCA protein assay kit (Beyotime Inc.). Different samples with an equal amount of protein were separated on 10-15% SDS polyacrylamide gels, and transferred onto PVDF membranes. The membranes were blocked with non-fat milk and incubated at 41C overnight, with the primary antibodies against NLRP1 (1 : 400; Santa Cruz Biotechnology), NeuN (1 : 500; Chemicon, Temecula, CA, USA), Caspase-1 (1 : 500; Abcam, Cambridge, MA, USA), cleaved IL-1b (1 : 500; Santa Cruz Biotechnology), NLRP3 (1 : 500; Santa Cruz Biotechnology), and b-actin (1 : 500; Santa Cruz Biotechnology). After rinsing, the membranes were appropriately incubated with horseradish peroxidase (HRP)conjugated suitable secondary antibodies (1 : 5000; Zhongshan Inc., Beijing, China) for 2 h at room temperature. After washing, protein bands were detected with a chemiluminescent HRP substrate (Thermo Scientific, Waltham, MA, USA) for 5 min at room temperature and exposed to X-ray film (Fujifilm). The signal intensity was analyzed using the Quantity One software 4.6.2 (Bio-Rad) and normalized to the loading control b-actin. Incidentally, there are three orthologs of NLRP1 (Nlrp1a-c) exist in mice, and the NLRP1 antibody used in our experiment could detect Nlrp1a, Nlrp1b, and Nlrp1c of mouse and rat origin. To ensure the specificity of the immunoblotting procedure, control experiments were performed in which the corresponding primary antibody was omitted. Under these conditions, no signal was observed.
Immunohistochemistry analysis. The brains were embedded in paraffin and cut into 4-6 mm sections. For immunohistochemistry analysis, the sections were immersed in 3% H 2 O 2 for 30 min to block endogenous peroxidase activity. After being washed in PBS, the sections were blocked with 5% BSA for 30 min, incubated with a rabbit polyclonal antibody against Ab 42 (1 : 600; Abcam) overnight at 41C, and then treated with appropriate biotinylated secondary antibody (Zhongshan Inc.) for 60 min. Immunoreactivity was detected with diaminobenzidine. Finally, sections were then counterstained with Mayer's hematoxylin (Sigma-Aldrich), dehydrated, mounted on the slides and examined with a microscope equipped with a charge-coupled device camera. Quantification of amyloid plaques was assessed by measuring the Ab-immunostained area of cortical and hippocampal regions on the section. We performed analysis of six defined regions per mouse brain and the mean count was recorded for each mouse.
For double immunofluorescence staining, the sections were blocked with 5% BSA and 0.1% Triton X-100 for 2 h at room temperature. After a single wash with PBS, sections were incubated overnight at 41C with a rabbit polyclonal antibody against NLRP1 (1 : 100; Santa Cruz Biotechnology), as well as a mouse monoclonal antibody against NeuN (1 : 200; Chemicon). Sections were then washed in PBS and sequentially incubated respectively with FITC-conjugated anti-rabbit IgG (1 : 200; Zhongshan Inc.) and TRITC-conjugated anti-mouse IgG (1 : 200; Zhongshan Inc.) in a dark and humidified container for 1 h at 371C. After that, the sections were washed with PBS and sealed with a coverslip. The slides were analyzed with a fluorescence microscopy (Olympus, BX51, Tokyo, Japan). To ensure the specificity of the doubleimmunostaining procedure, control experiments were performed in which one of the two primary antibodies or both were omitted. Under these conditions, no staining for NLRP1 or NeuN was observed.
TUNEL assay. For TUNEL assay, a cell death detection kit was used (In Situ Cell Death Detection Kit, POD; Roche). The presence of nicks in the DNA of cultured cells was identified by terminal deoxynucleotidyl transferase (TdT), an enzyme that catalyzes the addition of labeling dUTPs. Briefly, cells grown on 12-mm coverslips were fixed in 4% paraformaldehyde for 10 min at room temperature and then rinsed in PBS. Cells were then permeabilized for 2 min on ice before labeling with 50 ml of TUNEL reaction mixture and incubating for 60 min at 371C in a humidified chamber under parafilm coverslips. After washing with PBS, slides were mounted in DAPI-containing Vectashield and examined by fluorescence microscopy (Olympus, BX51) .
The paraffin-embedded sections of mice brain received deparaffinization and rehydration treatments, and then were incubated with proteinase-K for 15 min at room temperature followed by three washes in PBS. The TUNEL reaction mixture was added and incubated for 60 min at 371C. Sections were then washed with PBS and had applied two drops of peroxidase-streptavidin conjugate solution in blocking buffer. They were incubated for 30 min at room temperature, washed again with PBS and exposed to 0.03% diaminobenzidine in 0.01% H 2 O 2 . At the end of this procedure, sections were counterstained with Mayer's hematoxylin, dehydrated, mounted on the slides and examined with a microscope equipped with a chargecoupled device camera. Neurons with deep black nuclei were identified as TUNELpositive neurons.
Nissl staining. Neuronal morphology in brain sections was evaluated after cresyl violet staining of Nissl bodies. Briefly, after deparaffinage, sections were incubated with cresyl violet solution, destained in 96% ethanol containing 0.5% acetic acid, dehydrated with isopropanol, cleared in xylene and mounted under coverslips. A computer-assisted light microscope (Olympus, BX51) was used to scan the sections. The densities of Nissl-positive cells in the cortex and hippocampus of the scanned digital images were calculated using Image-Pro Express software (Media Cybernetics, Silver Spring, MD, USA). The total cell counts were averaged from six sections per animal.
Statistical analysis. Statistical analysis was conducted by SPSS software 13.0 (SPSS, Inc., Chicago, IL, USA). After confirming normal distribution with skewness and kurtosis statistic test, independent sample t-test or one-way ANOVA followed by least significant difference (LSD) post hoc test used to analyze differences among groups. All data are expressed as mean ± S.E.M. Po0.05 was considered as statistically significant. For the hidden-platform training of the MWM test, time/distance to platform of each group was analyzed by two-way repeatedmeasures ANOVA with two factors: the groups and the training days (with repeated measures on the second factor). For the two sets of comparisons, both main effects (group and day) and interaction (group versus day) were obtained as statistical parametric maps. On all such maps, an effect was considered significant when the statistical threshold was Po0.05 (corrected for multiple comparisons using the false discovery rate (FDR) method). 54 
